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Holocene climate variability is investigated in the North Paciﬁc and North Atlantic realms, using alkenone-derived sea-surface
temperature (SST) records as well as a millennial scale simulation with a coupled atmosphere-ocean general circulation model
(AOGCM). The alkenone SST data indicate a temperature increase over almost the entire North Paciﬁc from 7 cal kyr BP to the
present. A dipole pattern with a continuous cooling in the northeastern Atlantic and a warming in the eastern Mediterranean Sea
and the northern Red Sea is detected in the North Atlantic realm. Similarly, SST variations are opposite in sign between the
northeastern Paciﬁc and the northeastern Atlantic. A 2300 year long AOGCM climate simulation reveals a similar SST seesaw
between the northeastern Paciﬁc and the northeastern Atlantic on centennial time scales. Our analysis of the alkenone SST data and
the model results suggests fundamental inter-oceanic teleconnections during the Holocene.
r 2004 Elsevier Ltd. All rights reserved.1. Introduction
The oxygen isotope composition of polar ice sheets
(e.g., Grootes et al., 1993) suggests a relatively stable
Holocene climate when compared to the last glacial and
viewed in a long-term perspective. In the context of
short-term variability however, signiﬁcant climate
changes have also been identiﬁed for the Holocene
although their amplitudes are remarkably small in
comparison with those during the last glacial (e.g.,
Bond et al., 2001; Moy et al., 2002; Schulz and Paul,
2002; Oppo et al., 2003).
Recently, reconstructions of sea-surface temperatures
(SSTs) for the North Atlantic also showed signiﬁcante front matter r 2004 Elsevier Ltd. All rights reserved.
ascirev.2004.08.010
ing author. Tel.: +49-421-218-8929; fax: +49-421-218-
ess: jungkim@allgeo.uni-bremen.de (J.-H. Kim).long-term, regionally coherent climate changes through-
out the Holocene (Marchal et al., 2002; Rimbu et al.,
2003). For the northeastern Atlantic, Marchal et al.
(2002) identiﬁed a cooling trend over the last 10,000
years. Rimbu et al. (2003) suggested that this cooling
trend is part of a regional SST pattern that resembles a
modern SST-pattern, which is related to the Arctic
Oscillation/North Atlantic Oscillation (AO/NAO) (e.g.,
Hurrell, 1995; Thompson and Wallace, 1998; Thompson
et al., 2000). Analyzing global SST records, Lorenz and
Lohmann (2004) show that the AO/NAO-like SST
pattern in the North Atlantic realm is part of a global
SST pattern showing a slight warming over almost the
entire tropics and a cooling in the extra-tropics from
7 cal kyr BP to the present. Based on long-term transient
climate simulations, Lorenz and Lohmann (2004)
attributed these trends to solar insolation forcing
associated with the Earth’s precessional variation during
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the external forcing seem to be connected by climate
modes (Rimbu et al., 2003, 2004; Lorenz et al., 2004).
However, it is not well known how these climate modes
induce inter-oceanic teleconnected climate variability
during the Holocene.
The aim of this study is to investigate the spatial and
temporal SST variations in the North Paciﬁc and North
Atlantic realms for the middle to late Holocene and the
teleconnections between the two oceans. For this
purpose, we used a set of North Paciﬁc and North
Atlantic alkenone-derived SST records covering the last
7000 years. The information in this data set is combined
with the data analysis of a coupled atmosphere–ocean
general circulation model (AOGCM) simulation. This
will provide useful information on the dominant modes
of climate variability in the North Paciﬁc and the North
Atlantic as well as on a common climate mode that the
two oceans share.
The paper is organized as follows. Data and methods
are described in Section 2. The main results follow in
Section 3 with the SST trends and related spatial pattern
in the Northern Hemisphere and with the Paciﬁc–A-
tlantic teleconnections inferred from a control integra-
tion with a coupled AOGCM. Possible underlying
mechanisms and summary and main conclusions are
presented in Sections 4 and 5, respectively.2. Data and methods
The inspection of Holocene climate trends is based on
the statistical analysis of alkenone-derived SST records
from the North Atlantic and North Paciﬁc realms and
of data from a control integration of a coupled
atmosphere–ocean–sea ice model.
In this study, four new SST records and 32 published
records compiled from the literature (Table 1) covering
North Paciﬁc and North Atlantic regions were analysed.
In order to avoid potential biases due to using different
SST proxies, the paleotemperature estimates of all
sediment cores were based solely on the alkenone
method, converting the abundance ratios of long-chain
unsaturated alkenones with two to three double bounds
into annual mean SST (e.g., Brassell et al., 1986; Prahl et
al., 1988; Mu¨ller et al., 1998). The alkenone SST proxy
has been internationally calibrated and standardized
amongst 24 laboratories worldwide (Rosell-Mele´ et al.,
2001). The error for alkenone temperature estimates is
in the order of 0.5 and 1.5 1C, for the calibration with
culture samples (Prahl and Wakeham, 1987) and surface
sediments (Mu¨ller et al., 1998), respectively. Analytical
precision for each record considered here, however, was
much better than the calibration errors reported by
Prahl and Wakeham (1987) and Mu¨ller et al. (1998)
(Table 1). Although different alkenone unsaturationindices ðUK37 or UK037 Þ and calibrations were applied for
each alkenone SST record (Table 1), it does not affect
the comparison of relative SST changes. The core
chronologies have been described in previous studies
(Table 1). All alkenone SST records compiled in this
study will be archived in the WDC-MARE/PANGAEA
data base (http://www.pangaea.de/Projects/GHOST,
Kim and Schneider, 2004).
In order to identify coherent temporal and spatial
variations in the Holocene SST data set, different
statistical methods were used. At ﬁrst, the linear
regression analysis for each individual record was
applied in order to calculate the linear trend. Then,
the spatial distribution of the SST variability was
investigated separately for the North Paciﬁc and North
Atlantic regions, using an Empirical Orthogonal Func-
tion (EOF) analysis (von Storch and Zwiers, 1999). The
SST time series were reduced into spatially coherent
orthogonal eigenvectors. These eigenvectors, together
with their corresponding time coefﬁcients (Principal
Component, PC) and eigenvalues (a measure of the
variance described by each eigenvector) are referred to
in our study as modes of SST variability. The EOF
method also served as a data-ﬁltering procedure to
smooth the noise and uncertainties in the age models of
the individual SST records.
The temporal patterns of the time coefﬁcients of the
dominant modes of alkenone SST variability were
investigated using the Singular Spectrum Analysis
(SSA) (Ghil et al., 2002). The SSA is designed to
decompose a short and noisy time series into three
statistically independent components: trends, oscillatory
patterns, and noise. The trends do not need to be linear
and the oscillations can be amplitude and phase
modulated (Ghil et al., 2002). In our analysis all time
components with a time scale longer than 3 kyr (i.e. the
size of the window) are referred to as trends while the
time components with time scales smaller than 3 kyr are
referred to as centennial to millennial scale variations.
The EOF and SSA methods used here require that the
SST values from different records are available for
identical time resolution. Here, mean SST values in 100-
year time resolution were derived using linear interpola-
tion. The SST anomalies against the SST mean over the
considered period were calculated for each record and
normalized with the corresponding standard deviation.
The normalized time series were combined to obtain two
separate space–time SST data sets, one for the North
Paciﬁc realm and the other for the North Atlantic realm.
In addition to the alkenone SST data, we employed
the analysis from a 3000 year control simulation of the
pre-industrial era with the ECHO-G coupled atmo-
sphere–ocean model (Lorenz and Lohmann, 2004). The
ECHO-G consists of the ECHAM-4 atmospheric
general circulation model, which is coupled through
the OASIS program with the HOPE ocean circulation
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Table 1
Core locations and information on the chronology, alkenone index, alkenone calibration, and analytical reproducibility for each SST record discussed in this paper
No. Core name Lat. Long. Water depth
(m)
Dating 14C dating no.
used for age
model
Mean sample
interval (min.-
max.) (cm)
Meantime
resolution (min.-
max.) (yr)
Alkenone
index
Alkenone
calibration
Reproducibility
(1C)
Reference
New data from this study
2 SSDP-I02 34.953 128.881 40 AMS14C 3 13 (1–35) 61 (5–190) UK037 Prahl et al.
(1988)
0.1 (7ls) This study
19 GeoB 5901-2 36.380 7.071 574 AMS14C 13 1(1–2) 80 (35–317) UK037 Prahl et al.
(1988)
0.3 (7ls) This study
35 74KL 14.321 57.347 3212 AMS14C 3 3 (2.5–5) 281(208–722) UK037 Prahl et al.
(1988)
0.2 (7ls) This study; Sirocko et al. (1993)
36 TY93-905 11.067 51.950 1567 AMS14C 4 5 216 (140–273) UK037 Prahl et al.
(1988)
0.3 (7ls) This study
Data from literature
North Pacific Realm
l GGC15 48.168 151.337 1980 AMS 14C 2 5 1058 (920–1200) UK037 Mu¨ller et al.
(1998)
0.025 UK037
(7ls)
Keigwin (1998) and Ternois et
al. (2000)
3 ST.14 32.668 138.455 3252 AMS 14C 2 6 (0.8–19.2) 660(116–910) UK037 Prahl et al.
(1988)
— Sawada and Handa (1998)
4 ST.19 31.095 138.665 3336 AMS 14C 1 10 (7.2–28.8) 883 (369–1090) UK037 Prahl et al.
(1988)
— Sawada and Handa (1998)
5 17940-2 20.117 117.383 1727 AMS 14C 10 8 (4–13) 153 (70–275) UK037 Mu¨ller et al.
(1998)
0.15 (7ls) Pelejero et al. (1999a) and Wang
et al. (1999)
6 SCS90-36 17.995 111.494 2050 AMS 14C 1 3 (1–5) 800 (255–1274) UK037 Prahl et al.
(1988)
— Huang et al. (1997)
7 18252-3 9.233 109.383 1273 AMS 14C 0 14 (10–30) 587 (427–1281) UK037 Pelejero and
Grimalt (1997)
0 2o7ls) Kienast and McKay (2001)
8 17964 6.158 112.213 1556 AMS 14C 2 19 (9–20) 712 (353–784) UK037 Mu¨ller et al.
(1998)
0.15 (7ls) Pelejero et al. (1999a, b) and
Wang et al. (19990
9 JT96-0909pc 48.912 126.890 920 AMS 14C 0 2 (0.5–4) 406 (90–723) UK037 Mu¨ller et al.
(1998)
0.3 (7ls) Kienast and McKay (2001)
10 ODP 1019C 41.682 124.930 980 AMS 14C,
isotope
stratigraphy a
3 5(4–11) 132 (85–289) UK037 Prahl et al.
(1988)
015 (7ls) Barron et al. (2003)
11 ODP 1017E 34.535 121.107 955 AMS 14C 0 8 (2.9–17.2) 363 (129–793) UK037 Prahl et al.
(1988)
0.005 UK037
(71s)
Kennett et al. (2000) and
Ostertag-Henning and Stax
(2000)
12 LAPAZ21P 22.990 109.47 624 SPECMAP
chronology b
— 5 (4–5) 769 (633–792) UK037 Prahl et al.
(1988)
0.15 (7ls) Herbert et al. (2001)
North Atlantic and Indian Ocean Realm
13 M23258-2 74.995 13.970 1768 AMS14C 5 3(2–6) 196(119–349) UK37 Rosell-Mele´ et
al. (1995)
— Marchal et al. (2002) and
Sarnthein et al. (2003)
14 MD952011 66.967 7.633 1048 AMS14C 9 4 (1–15) 58 (4–245) UK37 Prahl and
Wakeham
(1987)
0.15 (7ls) Calvo et al. (2002)
15 MD952015 58.762 25.958 2630 AMS14C ? 5 (5–10) 101 (75–201) UK037 Mu¨ller et al.
(1998)
— Marchal et al. (2002)
16 IOW225514 57.838 8.704 420 AMS 14C 6 5 (1–5) 68 (8–271) UK037 Mu¨ller et al.
(1998)
— Emeis et al. (2003)
17 IOW225517 57.667 7.091 293 AMS14C 6 5 (1–10) 94 (18–179) UK037 Mu¨ller et al.
(1998)
— Emeis et al. (2003)
IS SU81-18 37.767 10.183 3135 AMS14C 5 10 (9–10) 736 (568–837) UK037 Prahl et al.
(1988)
0.3 Bard et al. (2000)
20 M39-008 36.382 7.077 576 AMS 14C 4 5 545 (178–1265) UK037 Mu¨ller et al.
(1998)
0.15 (7ls) Cacho et al. (2001)
21 MD952043 36.143 2.622 1841 AMS14C 4 5 (2–10) 133 (66–223) UK037 Mu¨ller et al. 0.15 (7ls) Cacho et al. (1999)
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Table 1 (continued )
No. Core name Lat. Long. Water depth
(m)
Dating 14C dating no.
used for age
model
Mean sample
interval (min.-
max.) (cm)
Meantime
resolution (min.-
max.) (yr)
Alkenone
index
Alkenone
calibration
Reproducibility
(1C)
Reference
(1998)
22 BS79-38 38.412 13.577 1489 Isotope
stratigraphy c
— 7 (5–10) 329 (216–520) UK037 Mu¨ller et al.
(1998)
0.15 (7ls) Cacho et al. (2001)
23 M40-4-SL78/
78MUC8
37.036 13.19 470 AMS 14C,
Isotope
stratigraphy d
1 3 (1–12) 124 (33–498) UK037 Mu¨ller et al.
(1998)
— Emeis and Dawson (2003) and
Emeis (unpublished)
24 AD91-17 40.870 18.636 844 AMS 14C,
isotope
stratigraphy e
3 4 (2–6) 158 (45–442) UK037 Mu¨ller et al.
(1998)
— Giunta et al. (2001)
25 RL11 36.746 17.718 3376 AMS14C 2 1 (1–3) 261 (105–804) UK037 Mu¨ller et al.
(1998)
— Emeis et al. (2000)
26 M44-KL71 40.842 27.763 566 AMS14C 0 4 (2–6) 324 (157–619) UK037 Mu¨ller et al.
(1998)
— Sperling et al. (2003)
27 ODP 658C 20.750 18.583 2263 AMSI4C 5 2(2–11) 100 (30–370) UK037 Prahl et al.
(1988)
— Zhao et al. (1995) and
deMenocal et al. (2000)
28 BOFS 31K 19.000 20.167 3300 Isotope
stratigraphy f
0 2 909 (900–910) UK037 Prahl et al.
(1988)
0.017 UK037 Zhao et al. (1995) and Chapman
et al. (1996)
29 ODP 1002C 10.712 65.17 893 SPECMAP
chronologyg
23 (18–40) 503 (400–890) UK037 Prahl et al.
(1988)
0.3 Herbert and Schuffert (2000)
and Peterson et al. (2000)
30 M35003-4 12.083 61.250 1299 AMS14C 3 5 291 (256–297) UK037 Mu¨ller et al.
(1998)
0.3 (7ls) Ru¨hlemann et al. (1999)
31 ODP 967D 34.071 32.726 2551 SPECMAP
chronologyh
— 5 (1–15) 309 (89–793) UK037 Mu¨ller et al.
(1998)
Emeis et al. (2000)
32 GeoB 5844-2 27.714 34.682 963 AMS 14C 5 2 307 (215–364) UK037 Prahl et al.
(1988)
0.6(7ls) Arz et al. (2003)
33 SO90-39KG/
56KA
24.834 65.917 695 Varve
chronology,
AMS and
conventional
14C
19 2(1–15) 20 (0.2–86) UK037 Sonzogni et al.
(1997)
0.3 (7ls) von Rad et al. (1999) and
Doose-Rolinski et al. (2001)
34 SO93-126KL 19.973 90.034 1253 SPECMAP
chronologyg
— 5 (3–6) 654 (364–1097) UK037 Sonzogni et al.
(1997)
Kudrass et al. (2001)
UK037=C37:2/(C37:2+C37:3) according to Prahl and Wakeham (1987); UK37=(C37:2-C37;4)/(C37:2+C37:3+C37:4) according to Brassell et al. (1986); Prahl and Wakeham (1987): T
(1C=(UK37+0.11)/0.04; Mu¨ller et al. (1998): T(1C)=(UK037-0.044)/0.033; Prahl et al. (1988): T (1C)=(UK037-0.039)/0.034; Sonzogni et al. (1997): T(1C)=(UK037-0.317)/0.023; Pelejero and
Grimalt (1997): T (1C)=(UK037-0.092)/0.031; Rosell-Mele´ et al. (1995): T(1C)=(UK37-0.093)/9.03.
aCorrelation with GISP2 oxygen isotope record (Grootes and Stuiver, 1997).
bThe age model was obtained by correlation of the benthic d18O record with the composite records of Shackleton (2000).
cThe age model was obtained by correlation of the planktonic d18O records with those reported from Capotondi el al. (1999).
dComparison with ODP 963 data from the same location (Sprovieri et al., pers.comm.)
eThe age model of the core AD91-17 is based on AMS 14C, planktonic isotopic record from Capotondi et al. (1999) and the correlation with MD90-917 planktonic isotopic record (Siani et al.,
2001).
fThe chronology was obtained by attributing ages to the bey stratigrahic events, which have been identiﬁed in other cores from the North Atlantic with detailed radiocarbon chronologies (Bard et
al., 1989).
gThe age model was obtained by correlation of the planktonic d18O records with the standard SPECMAP composite record from Imbrie et al. (1984).
hThe age model was obtained by correlation of the planktonic d18O records with Ihe standard SPECMAP composite record from Martinson et al. (1987).
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J.-H. Kim et al. / Quaternary Science Reviews 23 (2004) 2141–2154 2145model including a dynamic sea-ice model (Legutke and
Voss, 1999). It was forced with present boundary
conditions such as solar radiation, sea and continental
ice, vegetation, and distribution of land. The atmo-
spheric greenhouse gas concentrations were prescribed
at pre-industrial values (280 ppm CO2, 700 ppb CH4,
and 265 ppb N2O) (Lorenz and Lohmann, 2004). The
last 2300 years of this experiment with constant pre-
industrial conditions provide the basis for the statistical
analysis of spatial and temporal patterns on centennial
time scales. The surface temperature data consist of
water temperatures over open water whereas tempera-
tures of the overlying sea ice or snow layer over sea ice
covered areas are taken into account. Prior to theFig. 1. (a) Data points (open circles) and linear trends of alkenone SST recon
over the last 7000 years (1C/7 kyr) are indicated in the upper right corner an
numbers refer to Table 1. r is the correlation coefﬁcient. (b) The spatial diststatistical analysis, we calculated the 50-year averages.
The averaged data were linearly detrended.3. Results
3.1. SST trends and related spatial patterns in the North
Pacific realm
In general, except for two sites, the alkenone-derived
SST records from the North Paciﬁc realm show a
warming or no pronounced Holocene temperature trend
(temperature plateau) from 7 cal kyr BP to the present
(Fig. 1a). The magnitudes of cooling and warmingstructions from the North Paciﬁc realm. The magnitudes of SST change
d the core names are given in the lower left corner of each panel. The
ribution of the magnitude of SST change (1C/7kyr) as shown in (a).
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Fig. 2. (a) The ﬁrst Empirical Orthogonal Function (EOF) of the
North Paciﬁc alkenone SST reconstructions and (b) its associated time
coefﬁcients (PC1) for the last 7000 years. (c) Reconstruction of the time
coefﬁcients of the ﬁrst EOF of the North Paciﬁc SST variability from
the ﬁrst two Singular Spectrum Analysis (SSA) components (i.e.,
J.-H. Kim et al. / Quaternary Science Reviews 23 (2004) 2141–21542146varied between 0.57 and 0.31 1C/7 kyr and +0.20
and +1.80 1C/7 kyr, respectively. The SST records
sometimes show very different trends, even within small
distance and across oceanic fronts in the eastern and
western boundary current systems (Fig. 1b).
The ﬁrst EOF describes about 42% of the ﬁeld
variance (Fig. 2a). The sign of leading EOF of SST
variability in the North Paciﬁc realm indicates a spatial
pattern similar to that of linear trend coefﬁcients except
for one site in the northeastern Paciﬁc (Fig. 1a). The
cooling trend in the northeastern Paciﬁc is not captured
by the ﬁrst EOF. The associated principal component
(PC1) shows an increasing trend with an abrupt
transition between 4 and 3 cal kyr BP (Fig. 2b). This
indicates a clear large-scale warming pattern in the
northeastern Paciﬁc over the last 7000 years. In the
northwestern Paciﬁc, the pattern also indicates a
warming trend except for one site off central Japan,
which shows a cooling from 7 cal kyr BP to the present.
In order to identify the temporal patterns of North
Paciﬁc SST variability over the last 7000 years, we
decomposed the PC1 associated to the ﬁrst EOF of SST
variability from this region (Fig. 2c and d), using the
SSA. The reconstructed signal from the ﬁrst two SSA
components (i.e. trends) of the PC1, which describes
97% of the variance, captures the long-term transition
from relatively cold conditions to relatively warm
conditions over the last 7000 years (Fig. 2c). The
reconstructed signal from the next six SSA components,
which describes 3% of the variance, shows enhanced
millennial scale variability (Fig. 2d).
3.2. SST trends and related spatial patterns in the North
Atlantic realm
The alkenone-derived SST records from the North
Atlantic realm show different linear trends over the last
7000 years (Fig. 3a). The magnitude of cooling or
warming varied between 4.41 and 0.04 1C/7 kyr or
between +0.13 and +2.44 1C/7 kyr, respectively. The
zonal distributions of SST trends show east–west
differences for the same latitudes (Fig. 3b). The north-
eastern Atlantic and the western Mediterranean Sea
cooled while the eastern Mediterranean Sea, the north-
ern Red Sea, the northern Arabian Sea, and the Gulf of
Bengal experienced a warming (Fig. 3b).
The ﬁrst EOF describes 43% of the ﬁeld variance
(Fig. 4a). The sign of leading EOF of SST variability in
the North Atlantic realm indicates a spatial pattern
similar to that of linear trend coefﬁcients (Fig. 3b).
The associated PC1 (Fig. 4b) emphasizes a strong
linear trend, indicating a continuous cooling in the
northeastern Atlantic and the western Mediterranean
Sea contrary to a warming in the eastern Mediterranean
Sea, the northern Red Sea, the northern Arabian Sea,
and the Gulf of Bengal over the last 7000 years (Fig. 4a).trends) and (d) from the next six SSA components. M ¼ 31 indicates
the length of the window in the SSA which is 3.1 kyr.
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Fig. 3. (a) Data points (open circles) and linear trends of alkenone SST reconstructions from the North Atlantic realm. The magnitudes of SST
change over the last 7000 years (1C/7 kyr) are indicated in the upper right corner and the core names are given in the lower left corner of each panel.
The numbers refer to Table 1. r is the correlation coefﬁcient. (b) The spatial distribution of the magnitude of SST change (1C/7 kyr) as shown in (a).
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Fig. 4. (a) The ﬁrst EOF of the North Atlantic alkenone SST
reconstructions and (b) its associated time coefﬁcients (PC1) for the
last 7000 years. (c) Reconstruction of the time coefﬁcients of the ﬁrst
EOF of the North Atlantic SST variability from the ﬁrst two SSA
components (i.e., trends) and (d) from the next six SSA components.
M ¼ 31 indicates the length of the window in the SSA which is 3.1 kyr.
J.-H. Kim et al. / Quaternary Science Reviews 23 (2004) 2141–21542148Interestingly, the PC1 for the North Atlantic realm
does not indicate an abrupt shift at 4–3 cal kyr BP,
which is the case of the PC1 for the North Paciﬁc
realm.
In order to identify the temporal patterns of North
Atlantic SST variability over the last 7000 years like in
the North Paciﬁc, we decomposed the PC1 associated to
the ﬁrst EOF of SST variability from this region (Figs.
4c and d), using the SSA. The trend signal from the ﬁrst
two SSA components of the PC1, which describes 96%
of the variance, captures the long-term transition over
the last 7000 years (Fig. 4c). The reconstructed signal
from the next six SSA components, which shows 4% of
the variance, show enhanced millennial scale variability
(Fig. 4d).
3.3. Coupled atmosphere–ocean general circulation model
experiment
To better assess the North Paciﬁc and North Atlantic
SST spatial patterns derived from the analysis of the
alkenone SST data, the centennial variability in the 2300
year long control integration of the ECHO-G model
(Lorenz and Lohmann, 2004) was investigated. Note-
worthy is that in this simulation the variability is
generated only by internal processes while the alkenone
SST variability is assumed to follow both internal and
external forcing mechanisms.
Based on the spatial pattern of the North Paciﬁc SST
as derived from alkenone SST data (Fig. 2a), a
northeastern Paciﬁc surface temperature (ST) index
was deﬁned by ST anomalies from the 2300 year long
simulation. The index was obtained by averaging the
simulated STs over the area 140–110 1W and 20–60 1N
and subtracting the mean value. In Fig. 5a, the time
series of this index (red box in Fig. 5b) is represented.
Over this region, the alkenone SST data indicate a clear
warming trend from 7 cal kyr BP to the present (Fig. 2a).
The correlation map between the northeastern Paciﬁc
ST index (Fig. 5a) and model STs over the entire
Northern Hemisphere indicates that positive tempera-
ture anomalies in the northeastern Paciﬁc are accom-
panied by negative temperature anomalies in the
northeastern Atlantic (Fig. 5b).
Motivated by the distribution of the 7000 year cooling
trend in alkenone SSTs from this region (Fig. 4a), a
northeastern Atlantic ST index was deﬁned by ST
anomalies from the 2300 year long ST data (Fig. 6a).
The index was obtained by averaging the simulated
STs over the area 30 1W–10 1E and 30–70 1N (red
box in Fig. 6b) and subtracting the mean value. The
correlation map between the northeastern Atlantic ST
index and simulated Northern Hemisphere STs
shows that a warming in the northeastern Atlantic
accompanies a cooling in the northeastern Paciﬁc
(Fig. 6b).
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Fig. 5. (a) The time series of the northeastern Paciﬁc surface temperature (ST) index. The index was obtained by averaging the simulated STs over
the area (140–1101W:20–601N) and subtracting the mean value. The 50-yr mean ST data were used for the analysis. (b) The correlation map of the ST
index with Northern Hemisphere ST from the pre-industrial simulation of the ECHO-G coupled model. Shading indicates the areas with statistical
signiﬁcance of the correlations at the 95% conﬁdence level based on a t-test. The red box shows the ST index area.
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The correlation coefﬁcient between the northeastern
Paciﬁc and northeastern Atlantic ST indices deﬁned
above is 0.25 (signiﬁcant at 95% level). In order to
identify atmospheric circulation patterns that may
connect the northeastern Paciﬁc and northeastern
Atlantic SST variability at centennial time scales and
that may also be related to the observed spatial
distribution of positive and negative long-term SST
trends as shown by the alkenone SST data, a third ST
index was deﬁned. It is the difference between the
northeastern Paciﬁc and northeastern Atlantic ST
indices described above, where the mean value was
subtracted (Fig. 7a). A high value of the ST index
indicates a simultaneous warming in the northeastern
Paciﬁc and a cooling in the northeastern Atlantic.
Based on this ST index, a composite map of the
Northern Hemisphere sea level pressure (SLP) was
constructed (Fig. 7b). The SLP composite map consists
of an average over those years when the values of the ST
index are higher (lower) than 1 standard deviation. TheSLP composite map, which is the difference between the
averaged SLP maps, indicates an SLP pattern which
bears similarities of the Paciﬁc North American (PNA)
and NAO atmospheric circulation patterns. The PNA
pattern represents a large-scale atmospheric teleconnec-
tion between the North Paciﬁc and North America
(Wallace and Gutzler, 1981). It is characterized by an
atmospheric ﬂow in which the west coast of North
America is out of phase with the northeastern Paciﬁc
and southeastern United States. During the positive
PNA phase, low SLP is centred over the North Paciﬁc
and high SLP over western North America. The NAO is
the dominant mode of atmospheric behaviour in the
North Atlantic. It is a large-scale seesaw in atmospheric
mass between the polar low-pressure centre (Icelandic
Low) and the subtropical high-pressure centre (Azores
High). During the positive NAO, the Icelandic Low is
deeper than normal and the Azores High is stronger
than usual. The SLP composite map (Fig. 7b) shows the
positive phase of the PNA in the North Paciﬁc realm
and the negative phase of the NAO in the North
Atlantic realm. This suggests that the opposing SST
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Fig. 6. (a) The time series of the northeastern Atlantic surface temperature (ST) index. The index was obtained by averaging the simulated STs over
the area (30 1W–10 1E:30–70 1N) and subtracting the mean value. The 50-yr mean ST data were used for the analysis. (b) The correlation map of ST
index with Northern Hemisphere ST from the 2300-year long simulation of ECHO-G coupled model. Shading indicates the areas with statistical
signiﬁcance of the correlations at the 95% conﬁdence level based on a t-test. The red box shows the ST index area.
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eastern Atlantic as seen in the alkenone SST data was
probably caused by an interaction of the positive PNA
and the negative NAO phases.
A composite map of the Northern Hemisphere ST
(Fig. 7c) was also constructed based on the ST index.
Like the SLP composite map, the ST composite map
consists of an average over those years when the values
of the ST index are higher (lower) than 1 standard
deviation. The ST composite map, which is the
difference between the averaged ST maps, shows a
temperature distribution pattern which bears some
resemblance of the Paciﬁc-Decadal Oscillation (PDO)
for the instrumental era (Mantua et al., 1997; Mantua
and Hare, 2002). The PDO represents decadal changes
in SST patterns in the North Paciﬁc. A positive PDO
phase equates to anomalously warm surface water in the
equatorial Paciﬁc and along the west coast of North
America, but anomalously cool surface water in the west
Paciﬁc. The PDO atmospheric circulation anomalies
extend through the depth of the troposphere and are
well expressed as persistence in the PNA patterndescribed by Wallace and Gutzler (1981). The ST
composite map (Fig. 7c) shows the positive PDO phase
consistent with the positive PNA phase (Fig. 7b). The
SST pattern in the North Atlantic realm (Fig. 7c)
resembles the NAO-related SST pattern (e.g., Hurrell,
1995), showing an opposing pattern between the north-
eastern Atlantic and the eastern Mediterranean Sea and
the northern Red Sea. The SST pattern in the ST
composite map ﬁts relatively well to the alkenone-
derived SST pattern in the northeastern Paciﬁc and
northeastern Atlantic realms (Figs. 2a and 4a).
In summary, the inverse SST pattern between the
northeastern Paciﬁc and the northeastern Atlantic in the
model simulation is connected to an atmospheric
circulation ﬁeld that comprises the elements of the
PNA pattern and the NAO in opposite phases. The
similar SST seesaw observed in both the alkenone SST
data and the simulated data suggests that the PNA and
NAO-like atmospheric circulation pattern are also
responsible for the inverse long-term SST trends
between the northeastern Paciﬁc and the northeastern
Atlantic during the Holocene.
ARTICLE IN PRESS
Fig. 7. (a) The time series of the surface temperature (ST) index. The
index was deﬁned as the difference between the northeastern Paciﬁc
(Fig. 5a) and northeastern Atlantic (Fig. 6a) ST indices where the
mean value was subtracted. The arrow bar indicates the range of the
71 standard deviation. (b) Composite map of SLP based on the ST
index (a) (see text for details); unit is hPa. (c) Composite map of
surface temperature (ST) based on the ST index (a) (see text for
details); unit is 1C. The 50-yr mean ST and SLP data were used for the
analysis.
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A set of alkenone SST records is analysed for the
Holocene period. In general, the alkenone SST recordsshow a basin scale warming in the North Paciﬁc
and a cooling in the North Atlantic over the last 7000
years. In the North Atlantic realm, the alkenone SST
spatial pattern ﬁts the modern NAO-related SST
pattern: SST variations in the northeastern Atlantic
are opposite in trend with those from the eastern
Mediterranean Sea and the northern Red Sea. This
trend is consistent with the northeastern Atlantic SST
trend pattern for the Holocene period (Marchal et al.,
2002), which has been attributed to a continuous
weakening of the NAO-like atmospheric circulation
during the Holocene (Rimbu et al., 2003). The opposing
SST trends between the northeastern Atlantic and the
northern Red Sea were also consistently accompanied
by a warming in the tropical regions over the last 7000
years. Indeed, such heterogeneity of SST trends is
coherent with coupled atmosphere–ocean circulation
model simulations driven solely by the Earth’s orbital
parameters (Lorenz and Lohmann, 2004) and a
continuous weakening of the Icelandic Low and
altered winds in the Nordic Seas during the Holocene
(Lohmann et al., 2004).
The most clearly deﬁned alkenone SST pattern is an
opposing trend with a long-term warming in the
northeastern Paciﬁc and a cooling in the northeastern
Atlantic over the last 7000 years. The 2300 year long
control simulation of the ECHO-G coupled atmo-
sphere–ocean model also suggests that positive tempera-
ture anomalies in the northeastern Paciﬁc were
accompanied by negative anomalies in the northeastern
Atlantic and vice versa. The comparable northeastern
Paciﬁc–Atlantic SST seesaw pattern between the alke-
none SST data and the model results implies that the
long-term SST variations were inﬂuenced by similar
processes that caused centennial climate variability in
the model simulation. A similar Paciﬁc–Atlantic seesaw
has also been reported by Kiefer et al. (2001) during
Dansgaard–Oeschger events and by Weijer and Dijkstra
(2003) in an eigenmode analysis of a global ocean
circulation model. Further studies are necessary to
better understand how inter-oceanic teleconnections
are related to large-scale atmospheric teleconnentions
and ocean circulation changes.Acknowledgements
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